A simple and low-cost apparatus has been designed and built to measure the electrical resistivity, (ρ), of metal and semiconductors in the 300-620-K temperature range. The present design is suitable to do measurement on a rectangular bar sample by using a conventional four-probe dc method. A small heater was made on the sample mounting copper block to achieve the desired temperature. Heat loss from the sample holder was minimized using very low thermal conductive insulator block. This unique design of heater and minimized heat loss from the sample platform provides uniform sample temperature, and also has very good thermal stability during the measurement. The electrical contacts of current leads and potential probes on the sample were made using very thin (42 standard wire gauge) copper wires and high-temperature silver paste. The use of limited components and small heater design makes the present instrument very simple, lightweight, easy to sample mount, small in size, and low cost. To calibrate the instrument, pure nickel sample was used, and two other materials La 0.7 Sr 0.3 MnO 3 (LSMO) and LaCoO 3 (LCO) were also characterized to demonstrate the characterization capability of this setup. ρ(T ) behavior on these samples was found to be in good agreement with the reported data. The metal-insulator transition for LSMO (T MI = ∼358 K) and the insulator-metal transition for LCO (T IM = ∼540 K) were clearly observed and these transition temperatures were also consistent with those reported in the literature.
coefficients have a significant importance as it is one of the most sensitive indicators of effect driven by the change in electronic band structure. Also, in search of TE materials as a renewable source of energy, the characterization of TE material is incomplete without the measurement of resistivity as this is one of the crucial parameter in the expression of power factor defined as α 2 /ρ, where α and ρ is the Seebeck coefficient and electrical resistivity, respectively. Thus, an accurate measurement of ρ(T ) in wide temperature range is very important for fundamental understanding of phase transformations and their kinetics, nature of ground state, electrical, electronic and magnetic properties observed in the various materials (metals, semiconductors, and insulators), and also useful in the selection of suitable materials for industrial applications [1] , [2] , [8] .
The temperature-dependent resistivity of a material can be calculated from its measured values of resistance. For the resistance measurement, various methods and models have been suggested in the literature, and they are classified by the type of sample (i.e., thin film, single crystal, powder pellet, or small crystalline) and geometry of the contact. The various methods used so far in the literature are van der Pauw, Montgometry, Smits, two-probe, four-probe methods, and so on [9] [10] [11] . The brief description of these methods is summarized in [8] , and suggested that Montgomery, van der Pauw, and Smith techniques can be used for pellets and bulky samples, whereas for higher resistive (semiconductor) samples, the two-probe method is used, and for the low resistive and single crystals samples, the four-probe method is more suitable [8] .
All across the world, many experimental devices have also been fabricated in the laboratory, which can measure the ρ(T ) in a wide temperature region [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . The motive behind fabrications in most of these setups was to study the TE properties of the materials as they have the option to measure the figure-of-merit, ZT = [α 2 T /(ρκ)], or at least power factor, PF = α 2 /ρ, where α, ρ, κ, and T are the Seebeck coefficients, electrical resistivity, thermal conductivity, and absolute temperature, respectively. In most of these setups, where options of other electronic transport coefficients along with ρ(T ) are available, there are multiple heaters (main furnace along with gradient heater necessary for α measurement), large numbers of temperature sensors, temperature controllers for controlling the temperature at two or more points, and spring loading arrangements, have been used. Although, they provide the 0018-9456 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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facilities of simultaneous measurement of multiple transport coefficients in one setup, but including all these arrangements result in a complex, bulky, and costly system. These devices are useful to do the ρ measurement as long as the study of TE properties of the materials are concerned, where error of 10% or more than that in measurement of ρ(T) (thus, around the same error in the calculation of ZT). This amount of error in ZT is generally acceptable across the worldwide research community because of the complexity in the characterization of transport parameters in high-temperature region. In many cases, accurate estimation of physical parameters is required where the information of electronic structure is used for the quantitative understanding of the physical property. In general, ρ of metal and semiconductor systems depends on carrier densities, carrier mobility, and relaxation time of the charge carriers. Therefore, to get precise information of activation energy of semiconductor, carrier densities, and relaxation time of charge carriers for metals and semiconductor systems, an accurate measurement of ρ(T) becomes essential [26] . Thus, the main objective of this paper is to design and fabricate a simple and low cost setup, which can measure the high-temperature ρ as accurate as possible.
In this paper, we report the design and fabrication of a simple setup used for the temperature-dependent ρ measurement. The low cost and commonly available materials were used for the various components of instrument. We have employed the four-probe method and measurement was carried out in the 300-620-K temperature range under the vacuum atmosphere. The design of various components used in the setup was very simple so that they can be replaced very easily if required. The sample exchange is very sample as the design of the sample holder platform is very simple. A gypsum rectangular block of very low thermal conductivity was attached at one end of the heater and sample platform, which will minimize the heat loss and provides thermally stable condition during measurement. The information regarding various components, methods of calibration, and designs are described in detail. For the calibration of setup, pure nickel sample was used. Two other test materials, La 0.7 Sr 0.3 MnO 3 (LSMO) and LaCoO 3 (LCO), having the electronic-phase transition between 300-and 620-K temperature range were also characterized. In order to see the precision and reproducibility of data, multiple time measurements were performed on each sample. The ρ data obtained by designed setup were found to be in good agreement with the reported data. The metal-insulator (T MI ) transition at ∼358 K for the LSMO sample and the insulator-metal (T IM ) transition at ∼540 K for the LCO sample were observed. For both the LSMO and LCO samples, temperature associated with electronic-phase transitions was consistent with the earlier report.
II. APPARATUS DESCRIPTION
The schematic of the ρ measurement setup in the 300-620-K temperature range is shown in Fig. 1 , where various components are represented by numbers.
In the fabrication of present device, we have used the suitable materials that are commonly available in the market and can be sustainable at high temperature. From the mechanical, thermal, electrical, and vacuum point of view, the suitable and very low cost materials were considered. For mounting, the sample, 9, a rectangular copper plate, 10, which have the length of ∼50 mm and thickness of ∼2 mm was used. To reach the desired sample temperature, a small heater, 7, was made at one end of the copper plate. To raise the sample temperature, a copper material was chosen due to its high thermal conductivity (κ Cu ∼4.01 W cm −1 K −1 at 300 K and ∼3.79 W cm −1 K −1 at 600 K). The value of κ for copper material is nearly equal to the values reported for silver and gold [27] . The purpose of selecting copper material over silver and gold is due to its easy availability and its low cost. The portion of (∼15-mm length, ∼5-mm width, and ∼2-mm thickness) one end of copper plate was used to make the heater. At this end, flexible mica sheet of good thermal conductivity and electrical insulating property was wrapped and over it, a kanthal wire of 40 standard wire gauge (SWG) (∼0.12 mm) diameter, whose resistance is ∼35 , was tightly wounded (∼15 mm in length) to make the resistive heater. The mica sheet has been used in between kanthal wire and copper plate to avoid direct electrical contact, which also protects the heater from any electrical short circuit. High-temperature epoxy cement was applied over the kanthal wire to protect the heater, as at high temperature, recoiling and breaking in thin wire generally occurs and heater can be damaged. Each end of the kanthal wire was joined with copper wire, 13, for supplying current in the heater. The design of such small heater close to the sample position has small exposure to the vacuum environment, which also minimizes the heat loss.
In the high-temperature ρ measurement, heat loss is a major factor in the error contribution. The significant temperature gradient created across the sample, due to heat loss, results in the generation of thermo-electromotive force (EMF) voltage which gets added to the actual measured value of sample voltage. To minimize the heat loss from the sample supporting copper plate by conduction process, we have attached a rectangular gypsum bar, 6, to the one end of the heater. Thermal conductivity of the gypsum materials is very low (∼0.17 W/mK at room temperature), and this material is very much effective for thermal insulation purpose, especially operating in the high-temperature region [28] , [29] . The heat loss due to radiation effect has been investigated by Amatya et al. [30] and found that the radiative loss till 650 K is very small and can be neglected. Due to very small radiative heat loss through sidewalls, the temperature across the cross section does not change considerably, which can be ignored. The dimensions of gypsum block are ∼55 mm in length, ∼15 mm in width, and ∼10 mm in thickness. For the mechanical support and stability, gypsum block was connected back to back with rectangular Teflon bar, 5 (45 mm × 15 mm × 10 mm), brass rectangular bar, 4 (30 mm × 12 mm × 10 mm), and stainless steel (SS) rod, 3 (∼110 mm in length and ∼6 mm in diameter). The SS rod was further attached at the center of SS flange, 15, using the circular brass disc, 14 (30 mm in diameter and ∼8 mm in thickness). A circular o-ring, 2, was attached to the SS flange, 15, which helps to seal the vacuum chamber. A small groove of rectangular shape (10 mm × 10 mm) and the depth of ∼0.5 mm was made on the sample platform. In the groove, very thin mica sheet, 12 (∼0.05-mm thickness), was fixed using the hightemperature silver paste. The sample was mounted on this mica sheet, and electrical insulation is obtained between sample and copper blocks. To measure the sample temperature, very thin K -type thermocouple, 8, of 32 SWG (∼0.27 mm) was inserted in a drilled hole near the sample and fixed with using high-temperature paste. For current supply to the sample and dropped voltage measurement, four copper wires having a coating of electrical insulation, 11 (42 SWG, i.e., ∼0.1 mm diameter), were used.
We have minimized the thermal contact resistance by making proper contact between thermocouple tip and sensing area to nullify the cold finger effect. The cold finger effect due to connecting wire used in the resistance measurement has also been minimized by using the finest possible copper wire. Thus, heat loss through the thermocouple and connecting wires will be very small and can be neglected. The overall length of the sample holder is ∼27 cm and its actual photograph is shown in Fig. 2 . Fig. 2 (inset) shows the four-wire connection made on the nickel sample. The whole sample holder attached to SS flange, 15, was inserted in a cylindrical vacuum chamber, 16. The inner diameter, outer diameter, and length of the vacuum chamber are ∼32 cm, ∼110 mm, and ∼116 mm, respectively. A vacuum port, 17, of KF-25 size was made at the bottom of the vacuum chamber, which was used to connect the vacuum pump. All the electrical connections made to the sample holder were passed through the electrical feedthrough, 1, to avoid the disturbance of vacuum level of the chamber. A rotary pump was used to create the vacuum atmosphere, and rotary level (≈ 10 −3 mbar) of vacuum was maintained during the measurement. This level of vacuum condition is helpful to avoid the sample from oxidation and also minimizes the convective heat loss in high-temperature measurements.
III. MEASUREMENT PROCEDURE
The schematic of the four-probe method is shown in Fig. 3 . The measurement method is similar to that used by Ponnambalam et al. [14] , Paul [16] , and Rawat et al. [24] . For a sample of rectangular shape, four copper wires were attached linearly on the sample surface using high-temperature silver paste. The typical dimensions of common laboratory sample are of length (L) = 5-10 mm, width (w) = 2-4 mm, and thickness (b) = 1-2-mm range [25] . A constant current, I, is supplied using Keithley sourcemeter (model 2604 B) and potential drop is measured by Keithley nanovoltmeter (2182A). When a constant current I 1 is applied to the sample, the potential drop was measured to be V 1 , where V 1 = V I 1 R + V TEP . The first term, V I 1 R , is the resistive voltage drop across the sample of resistance R s , and V TEP is the contribution from thermal EMF. In the case of TE materials, the value of V TEP can be larger (order of μV), and its contribution can lead to the error in the estimation of actual sample resistance. The contribution of V TEP can be nullified by current reversal method [13] , [14] , [16] , [18] , [20] , [24] , [25] , [32] , [44] , [45] . Thus, after the measurement of V I 1 R , current I 2 = −I 1 is immediately passed to the sample and voltage V 2 is measured, where V 2 = −V I 2 R + V TEP . From the measured values of V 1 and V 2 , the sample resistance R s is calculated using the following expression [14] , [24] :
Using the R s value, ρ of material is estimated by the following expression [14] , [18] , [24] :
where A is the cross-sectional area of sample and l v is the value of distance between two voltage leads. In the measurement of ρ, current flow through the sample should be uniform. The condition for homogeneous current density between voltage measuring probes is l-l v ≥ 2b, where l is the sample length, l v is an effective distance between the centers of the two probe used for voltage measurement, and b is the thickness of the sample [31] , [32] . The sample was mount on the sample platform using silver paste. To raise the sample temperature, current was supplied to the kanthal heater, 7, using the Crown made dual output dc regulated power supply (0-30 V/5A). For the sample temperature measurement, Fluke 17B+ digital multimeter is used. For data collection, Keithley sourcemeter (2604B) and nanovoltmeter (2182A) were interfaced with computer using LabVIEW program. The measurement is allowed in the thermally stable condition such that data are acquired within the change of 0.1°C for a particular temperature.
IV. RESULTS AND DISCUSSION
In order to validate the fabricated instrument, three different samples, i.e., pure nickel (purity ≥ 99.99 %, purchased from Sigma-Aldrich), LSMO, and LCO, were chosen. The ρ measurements on these three samples were carried out using the four-probe method in the temperature range 300-620 K. Each sample was taken in the rectangular bar shape. In the further discussions about ρ(T), the name of nickel, La 0.7 Sr 0.3 MnO3, and LaCoO 3 samples are coded as Ni, LSMO, and LCO, respectively. Now, the detailed observation of the ρ(T) data will be discussed one by one.
A. Measurement on Standard Sample (Pure Nickel)
In order to calibrate the designed setup, the ρ(T) measurement on the high-purity metal sample is more appropriate from the reliability and precision point of view. A rectangular nickel sample was taken as a reference material for characterization purpose. The dimensions of Ni sample used for the ρ(T) measurement were ∼6 mm in length, ∼4 mm in width, and ∼1.3 mm in thickness. The ρ versus T plot in the 300-620-K range is shown in Fig. 4 . The whole measurement on the same sample was done three times to check the data reproducibility of the instrument. Fig. 4(a) shows the plots of three time measured data and plotted ρ(T) were named as Trial 1, Trial 2, and Trial 3. The average of these three plots has also been added in the same figure. For the comparison purpose, averaged plot is represented in Fig. 4(b) together with the ρ(T) data of nickel sample measured in [12] [13] [14] and [17] . In the entire temperature range, ρ(T) behavior is in good agreement with those reported in the literature. The values of ρ at 300 and 620 K are ∼7.40 and ∼28.68 μ cm, respectively. The maximum value of standard deviation in the ρ data is found to be ∼0.15 μ cm at 500 K, which is ∼0.8% of the ρ (18.91 μ cm) value at this temperature. From the averaged data of three-trial measurement, the maximum deviations of Trial 1, Trial 2, and Trial 3 are ∼0.67 μ cm (at 500 K), ∼0.13 μ cm (at 350 K), and 0.72 μ cm (at 500 K) are noticed, and these values are ∼3.5%, ∼1.3%, and ∼3.8%, of their respective observed value of ρ. Our data is in excellent agreement with Abadlia et al. [13] . As shown in Fig. 4(b) , the maximum deviation between our data and Fig. 5 shows the temperature-dependent ρ data obtained for LSMO. In order to check the data reproducible quality of instrument, the measurements have been performed two times on the same sample and their respective plots are named as Trial 1 and Trial 2. For the Trial 1, the observed value of ρ at 300 K is ∼0.04 cm and above this temperature an increasing trend in the value of ρ is noticed up to ∼358 K. At 358 K, the value of ρ is ∼0.057 cm. For the temperature above ∼358 K, a continuous decreasing trend is noticed in the values of ρ up to 620 K. At 620 K, the value of ρ is found to be ∼3 ×10 3 cm. For this system, a metal-toinsulator transition is reported at ∼358 K in the literature [34] . In order to probe this electronic-phase transition more clearly, the measurement of ρ was carried out at 1 K interval in the 354-365-K temperature range. Here, it has to be noticed that, the sample temperatures at 1-K interval in the said region were noted down as per the observation of change in the temperature displayed at temperature measuring device, which had the resolution of 0.1°C. The details about the uncertainty in temperature measurement will be discussed in Section V. The data obtained from our setup also show metal-to-insulator transition at ∼358 K. To confirm this transition temperature in our sample and to check the characterization capability of the designed setup, measurement was repeated and obtained data are shown by Trial 2 plot in Fig. 5 . In Trial 2 measurement, the transition temperature was noticed at ∼357 K. These T MI values are also consistent with the critical temperature, T C , observed around 360 K for the LSMO [35] [36] [37] . For the sake of clarity, the region around transition temperature is shown in Fig. 5 (inset) . The maximum deviation between Trial 1 and Trial 2 measurement is of ∼2.36 × 10 −3 cm, which is ∼5% of the observed ρ data. Fig. 6 shows the ρ(T ) data for LCO in the temperature range 300-620 K. For this system, the ρ(T ) measurement was also performed two times. As shown in Fig. 6 , data obtained from our setup are named as Trial 1 and Trial 2. For Trial 1 measurement, the value of ρ at 300 K is ∼4.18 × 10 3 m cm. The decrease in magnitude of ρ is noticed in temperature range 300-620 K. The rate of change in ρ is very large in the 300-540-K range, whereas a small change is observed in the 540-620-K temperature range. The temperature-dependent behavior of ρ(T ) observed in this paper is similar to those reported in the literature [38] , [39] . The values of ρ are found to be ∼4.79 and ∼1.95 m cm at 540 and 620 K, respectively. The large change in values of ρ in 300-540-K range and a small change of ∼3 m cm in 540-620-K range indicate an insulator-to-metal transition, T IM , at 540 K.
C. LaCoO 3
For the comparison purpose, the ρ data obtained by Jirak et al. [38] and Kriener et al. [39] are also plotted in Fig. 6 . The region around insulator-to-metal transition is shown in Fig. 6 (inset) for the sake of clarity. This transition temperature, T IM =∼ 540 K , is also consistent with our earlier work where Seebeck coefficient (α) measurement was carried out in 300-600-K temperature range on the same LaCoO 3 sample (coded as LCO1000) [40] .
For the comparison purpose, the literature data plotted in Figs. 4(b) , 5, and 6 are extracted from the literature figures using the data digitization technique. It is important to notice that the digitization process always has an inherent error in data selection from the literature graph. Thus, some deviations (∼0.5 μ cm for Ni data) are expected due to the contribution of digitization error. For LSMO and LCO samples, the difference in magnitude of ρ(T ) from the reported values can be possible as in the case of semiconductor sample, magnitude of ρ varies from sample to sample due to difference in synthesis conditions. The electronic-phase transition temperature for both the samples, LSMO and LCO, is consistent with the reported value that shows that the designed setup is more versatile for the ρ characterization as well as capable in probing the electronic-phase transition of various types of systems.
V. ERROR ANALYSIS
It is clearly evident from (2) that the precise measurement of geometrical factors (l v , w, and b) plays very crucial role in the estimation of ρ of a material as these three parameters are directly involved in the calculation of ρ. Therefore, for the accurate measurement of ρ, it is always necessary to do the measurement of geometrical parameters as accurate as possible. The measurement of the geometrical factors of each sample was carried out using a vernier caliper which have the least count of 0.02 mm. To obtain the accurate value of each geometrical parameter, the sample was kept under the 10X magnifying glass and the measurement was repeated five times and averaged value of each of the parameters were used in the LabVIEW program for the ρ calculation. Assuming that the sample is in rectangular shape and used values of geometrical parameters for the estimation of ρ are l v , w, and b, which are same as defined in (2), then including the error in the measurement of these dimensional factors, the maximum percentage error contribution in the values of ρ can be calculated by the following equation [18] , [24] :
where δR s , δw, δb, and δl v are the uncertainties in the values of sample resistance (R s ), width (w), thickness(b), and length between voltage measurement probes (l v ), respectively. The dimensional values of each sample are mentioned in Table I , where the percentage error from the corresponding parameters is written below the each measured value in small bracket. From Table I , it is clearly evident that the total percentage of error in ρ from the error in the measurement of geometrical factors are ∼3.14%, ∼3.44%, and ∼3.59% for the Ni, LSMO, and LCO samples, respectively. At this point, it is important to note that for the voltage measurement, contact of voltage probes on the sample were done using the very thin copper wire of diameter ∼0.1 mm. For the l v measurement, the care has been taken such that the measured distance is in between the center of the diameter (∼0.1 mm) of two middle copper wires [ Fig. 3, (B and C) ], connected on the sample. The maximum error in the measured value of l v due to the error in positioning the edge of caliper, exactly at the center of diameter of copper wire cannot be more than that of ±0.2 mm. If we consider this error and include the factor ±0.2 mm in the value of l v , then the maximum error in δl v /l v will be ∼1.12%, ∼1.26%, and ∼1.28% for the Ni, LSMO, and LCO samples, respectively. Thus, the maximum value of total error contribution from the geometrical factors is found to be 3.59% for the LCO sample. Furthermore, the error contribution from the geometrical factor can be reduced by increasing the thickness and width of the sample, which will decrease the total error in the estimated value of ρ.
For the temperature measurement of the sample, the K -type thermocouple was used, and the typical order in the reading of temperature measurement was found to be the order of 1 K, which can be at the best of ≈ 0.2 K [41] . In this paper, a device (Fluke 17B+) with an option of the K -type thermocouple temperature sensor is used for the temperature measurement, which has accuracy of ±2°C and 2% + 1°C for the temperature range 0°C-50°C and 50°C-400°C, respectively, [42]. By including the error factor in temperature measurement, the observed electronic-phase transition temperature for the LSMO (T MI ∼358 K) and LCO (T IM ∼ 540 K) samples will be within 358 ± 3 K and 540 ± 6 K, respectively. Similarly, it is expected that the maximum possible values of error in the temperature measurement of the lowest (300 K) and the highest (620 K) measured data points at study will be ∼2°C and ∼7°C, respectively.
In the ρ measurement, the values of voltage drop from the sample were measured by the Keithley nanovoltmeter (2182A)/Keithley digital multimeter (2002) . Both of these devices can measure the voltage signal in the nanovolt range. The magnitude of voltage drop across the sample depends on the type of sample and magnitude of current passed through it. Generally, the typical values of sample current of 1-100 mA, give the voltage drop in the range of millivolts (for semiconductors sample) to few nanovolts (for metallic sample). Therefore, for the measurement of few nanovolt range signals, nanovoltmeter (2182A) is preferred. The values of the measured voltage signal depends on the other factors such as noise signals, length of the probes, and contact resistance between measuring probes and sample. The issue of noise signal has been minimized by twisting the measuring probe throughout its length, and connecting the instrument body with a common ground. The connections of voltage probe (four copper wires of ∼100 μm diameter) are in direct contact with the sample and the small amount of silver paste is applied over it to strengthen the connectivity between probes and sample. The input resistance of nanovoltmeter (2182A) and digital multimeter (2002) are > 10 G and > 100 G, respectively. Thus, for applied constant current, the error contributions in resistance measurement under the good ohmic contacts will be very small, and this can be neglected.
In the accurate measurement of ρ, removal of error contribution arising from the Peltier effect have been always challenging issue. For the semiconductor sample, the current passing probes (copper wires) have metal-semiconductor interfaces at two points on the sample, i.e., A and D points shown in Fig. 3 . When a current is passed through the sample, the liberation of heat at one end and absorption of heat at another end take place depending on the direction of current flow. Due to liberation and absorption of heat at two ends, the temperature gradient arises and it generates the Seebeck voltage (of the order of μV) across the sample. This additional voltage contribution in the measured values of V 1 and V 2 gives the error in the actual measurement of sample resistance. The process of current reversal does not help in the nullification of the additional Seebeck voltage generated due to the Peltier effect, as reversal of current direction also reverses the direction of temperature gradient and the corresponding Seebeck voltage. If x is the distance between two contacts, A and D, and thermal diffusivity of the material is D, then amount of time, t, required to propagate the thermal energy by a distance x is proportional to x 2 /D. For the common TE materials, the typical values of thermal energy diffusion time is 1.1-1.3 s [25] , [43] , [44] . Therefore, in ρ(T ) measurement, switching the current direction in less than the time required to propagate the thermal energy and immediate measurement of voltage drop within that time can avoid the error contributions from the Peltier effect. In the present case, the direction of current is switched immediately (in less than 0.1 s) and the voltage drop is measured instantaneously using the nanovoltmeter. In this process, the sufficient time is not found for the generation of any Seebeck voltage across the sample due to the Peltier effect and error contributions become negligible.
In the present setup, the accurate measurement of ρ is possible up to the 620 K. The upper limit of ρ(T ) measurement temperature up to the 620 K is due to the practical limitation of working temperature of the silver paste used for making the electrical contacts on the sample. During the measurements, we have practically observed that the silver paste gets degraded above 350°C (i.e., 623 K) temperature, which results in the poor contact between measuring probes and sample. In this situation, ρ(T ) measurement above the 620-K temperature is not appropriate due to the high contact resistance. The measurement on standard sample (Ni) and synthesized samples, i.e., LaCoO 3 and La 0.7 Sr 0.3 MnO 3 has been found to be reproducible and the good quality of data in 300-620-K temperature range is observed. Therefore, accurate ρ data obtained from the fabricated setup in this paper is reported up to 620 K only. Some electronic components that are used in electronic devices have the chances of damage at high temperature. Therefore, it is suggested to use the present setup for characterization of the electronic device below its destroying temperature. The measured range of the ρ data is from 10 −8 to 10 −1 m. Based on the measurement done by the setup, the sample with the ρ value of the order 10 8 m can be measured.
VI. CONCLUSION
In conclusion, a simple and low-cost apparatus has been fabricated for high-temperature ρ(T ) measurement in the 300-620-K range. Pure nickel sample was used for the calibration of the instrument. The temperature-dependent behavior as well as values of ρ(T ) obtained from our setup were found to be similar with the literature data. The standard deviation in the ρ(T ) measurement for nickel sample were within the ±1.5%. The good quality of data was obtained by achieving the uniform and thermally stable temperature across the sample, which was possible due to design of small heater close to the sample mounting position and the minimization of heat loss using thermally insulating gypsum block. The designed setup is validated by performing the ρ(T ) measurement on two other samples, LSMO and LCO, which electronic-phase transition temperature are different from each other. The metal-insulator transition temperature for the LSMO sample and insulator-tometal transition temperature for the LCO sample were found to be ∼358 and ∼540 K, respectively. The transition temperatures observed in both compounds are consistent with the reported temperature in the literature. The use of small heater, simple design, and limited components of low cost materials makes the present setup very small in size and lightweight. The good quality of measurement of the ρ(T ) values and its capability of probing the electronic-phase transitions shows that the fabricated setup can be very helpful in understanding the electronic structure as well as the characterization of the various types of materials for many industrial applications.
